Abstract. The explosive growth of PM 2.5 mass usually results in extreme PM 2.5 levels and severe haze 15 pollution in East China, and is generally underestimated by current atmospheric chemistry models. Based 16 on one such model, GRPAES_CUACE, three sensitivity experiments -a "background" experiment (EXP1), 17 "online aerosol feedback" experiment (EXP2), and an "80% decrease in turbulent diffusion coefficient" 18 (DTD) of chemical tracers" experiment, based on EXP2 (EXP3) -were designed to study the contributions 19 of aerosol-radiation feedback (AF) and DTD to the explosive growth of PM 2.5 during a "red-alert" heavy 20 haze event in China's Jing-Jin-Ji region. The results showed that the turbulent diffusion coefficient (DC) 21 calculated by EXP1 was about 60-70 m 2 /s on the clear day and 30-35 m 2 /s on the haze day. This difference 22
same for the three experiments, i.e., except the differences shown in Table 3 . In EXP3, a further decrease in 179 the turbulent diffusion coefficient (DTD) based on EXP2 was only applied to the DC of chemical tracers in 180 CUACE mode; the DC in other physical packages and the dynamic framework of GRAPES_MESO was 181 the same as in EXP1 and EXP2. 182
Results and discussion 183
The studied haze episode began on 15 December 2016. PM 2.5 began to gather and climb slowly at this 184 time, but was below 150 ug/m 3 in most of Jing-Jin-Ji from 00:00 UTC 15 to 00:00 UTC 17 December -a 185 period we refer to as the "climbing stage" of PM 2.5 . From 00:00 UTC 17 to 00:00 UTC 21 December, PM 2.5 186 increased rapidly, and reaching a peak of 400-600 ug/m 3 in most of the study area. We refer to this period 187
as the "explosive growth stage" of PM 2.5 . In this section, we focus mainly on the contributions of AF and 188 DTD to the PM 2.5 during this stage. 189
Synoptic background 190
The circulation in the upper atmosphere and the surface-level synoptic system controlling Jing-Jin-Ji 191 remained relatively stable during the maintenance of this haze episode. Figure 2 displays the geopotential 192 height, temperature, and winds in the upper (500 hPa), middle (700 hPa) and lower (850 hPa) atmosphere, 193 as well as PBL levels (900, 950, 1000 hPa), at 0000 UTC 19 December 2016, to show the meteorological 194 background. It can be seen that the geopotential height in the upper atmosphere (500 hPa) showed zonal 195 circulation in East Asia. There was a horizontal trough north of Jing-Jin-Ji (black frame) in the upper and 196 middle atmosphere (500 and 700 hPa), and the region was controlled by moderate northwesterly or 197
westerly air flow at the bottom of the trough. The temperature and wind fields at 500 and 700 hPa both 198
showed that cold air in the upper and middle atmosphere was weak. The 850-hPa geopotential height 199
showed that the subtropical high in the East Sea was strong; also, Jing-Jin-Ji was in the pressure 200 equalization field to the northwest periphery of the subtropical high and the wind was very weak at this 201 level due to the blocking of the subtropical high. The 900-, 950-and 100-hPa geopotential heights all 202
showed that Jing-Jin-Ji was located in the pressure equalization field between the "northwest land high" 203 and southeast subtropical high within the whole PBL, and the land high was weaker than the subtropical 204
high. This resulted in a small pressure gradient, weak and thin wind fields, and a stable atmospheric 205 situation within the PBL, which was conducive to the maintenance of the haze episode. 206
Observation-model comparison 207
Meteorological factors not only at the surface but also in the PBL are key in affecting haze processes 208 and PM 2.5 concentrations (Wang et al., 2014a (Wang et al., , 2014b . Unfortunately, however, most numerical models 209 struggle to simulate these aspects, which is also a key point determining the performance of atmospheric 210 chemistry models (Hu et al., 2013a (Hu et al., , 2013b Li et al., 2016) . 211
Using hourly meteorological data from surface automatic observation stations of the CMA, the 212 surface wind speed and temperature at Beijing and Xingtai, and the average for Jing-Jin-Ji, according to 213 the results of EXP1, EXP2 and EXP3, were evaluated for the period 15-24 December 2016 ( Figure 3 ). It 214
can be seen that, in Beijing, the modeled surface wind speed in the three experiments was in good 215 agreement with observation, in terms of the overall trend as well as the maximum and minimum values. 216
The observed and modeled wind speed was basically below 2 m/s during 17-21 December (i.e., the 217 explosive growth stage of PM 2.5 ). The modeled wind speed at Xingtai was slightly worse than that at 218
Beijing, but the overall trend of change was basically consistent with observation, and the wind speed was 219 also below 2 m/s during the explosive growth stage. The modeled wind speed was to an extent higher than 220 observed at the beginning and end in Xingtai. The trend of change in the modeled average wind speed for 221 the Jing-Jin-Ji region showed reasonable agreement with observation and was closest to the observed 222 situation in the explosive growth stage. In general, the modeled regional wind was higher than observed. 223
Comparison of the wind speed among the three experiments showed that the wind speeds in EXP2 and 224 EXP3 were basically same, but to a varying degree both were smaller than in EXP1 at Beijing and Xingtai, 225
as well as for Jing-Jin-Ji as a whole, during the explosive growth stage, showing that AF decreased the 226 surface wind speed. The trend of temperature change according to the three experiments was also consistent 227 with observation, at Beijing, Xingtai, and Jing-Jin-Ji as a whole. However, it was found that the modeled 228 temperature was obviously higher than observed, especially during the explosive growth stage. The 229 temperature in EXP2 and EXP3 was basically same, but lower than in EXP1, which was much closer to 230 observation, indicating that AF reduced the overestimation of surface temperature in Beijing, Xingtai, andthe explosive growth stage, suggesting a role played by other uncertainties in the PBL scheme besides AF, 233 which is deserving of more detailed study in the future. Also shown in Figure 3 are the PBL-mean winds of 234 the three experiments for Beijing, Xingtai, and Jing-Jin-Ji as a whole. Unfortunately, no observational data 235 were available to evaluate them. However, comparison of the PBL's wind and temperature according to the 236 three experiments showed that the PBL-mean wind was basically below 4 m/s while the temperature was 237 high in the explosive stage at Beijing, Xingtai, and in Jing-Jin-Ji as a whole. Similar to the surface-level 238 results, the PBL-mean wind speed and temperature in EXP2 and EXP3 were basically the same, but the 239 wind speed in these two experiments was obviously lower than that in EXP1. This indicated that the 240 reduction in wind speed by AF was more obvious in the PBL than at ground level. Meanwhile, comparison 241 of the surface-level and PBL temperature of the three experiments showed that the cooling effect of AF was 242 much stronger at the surface than in the PBL. 243
Aerosol optical properties, including AOD, SSA and asymmetry factor, largely determine the direct 244 radiative effects of aerosols. The observed AOD (Table 4) and SSA (Table 5) also be seen that the difference between Figures 5a and 5b is negligible. This is because the major impact of 292 DTD was to reform the vertical distribution of the atmospheric loading of PM 2.5 , and its impact on the 293 total-column PM 2.5 was minor. On the other hand, the reduction in SDSRF owing to aerosol radiation was 294 already considerable, and so the change in SDSRF owing to the increased total-column PM 2.5 by DTD 295 would be secondary. This value of SDSRF reduction owing to aerosols and DTD is basically consistent 296
with the 56%-89% difference of observational radiative exposure between clear and haze days during the 297 same period (Zhong et al., 2018) . already existed during the haze event, which will be discussed in the following section. 319
The meteorological data from the vertical soundings taken at Beijing and Xingtai were used to verify 320 this change in the temperature profile owing to aerosols. were much stronger and also closer to observation than those of EXP1. This result proves that the 331 correction of local inversions by aerosols during the PM 2.5 explosive growth stage was effective. 332
However, it can also be seen that the inversions of EXP2, which included online AF, were still 333 weaker than observed at the two stations. This suggests there must be other reasons, besides the online 334 calculation of AF, for the underestimation of the observed extremely strong inversion by the model, which 335 is worthy of further study. 336
Contributions of AF and DTD to PM 2.5 explosive growth 337
Turbulent diffusion is the main process of gas and particle exchange from surface to upper atmosphere, 338
and removal by high-altitude transport, and one of the key tasks of atmospheric chemistry models is todynamic processes, leads to atmospheric stabilization and determines the occurrence of haze and its 341 strength (Zheng et al., 2016) . Once the haze occurs, aerosol radiation may in turn reinforce the inversion 342 when aerosols exceed a certain critical value, leading to more PM 2.5 gathering near the ground. The relative 343 importance of these two aspects on PM 2.5 explosive growth may vary with PM 2.5 concentrations and 344 meteorological conditions, but they are irreplaceable for a reasonable prediction and simulation of PM 2.5 345 explosive growth and peaks in atmospheric models. 346 maximum DC at noon in EXP3 was lower than 5 m 2 /s on 20 December and, at the same time, the PM 2.5 369 modeled by EXP3 was further increased and was also much closer to the observed PM 2.5 than the PM 2.5 of 370
EXP2. 371
Through comparison of the temporal change of DC and PM 2.5 in EXP1, EXP2 and EXP3 in Beijing, it 372 is clear that an overestimation of turbulent DC owing to the absence of online-calculated AF, as well as a 373 deficient description of extremely stable stratification in the PBL scheme of the atmospheric model, can 374 lead to a distinct underestimation of PM 2.5 explosive growth and peaks when severe haze occurs in China's 375
Jing-Jin-Ji region. 376
The trends of change in DC and PM 2.5 at Xingtai in the three experiments (Figure 8b ) are similar to 377 those at Beijing. The PM 2.5 of EXP3 was also closest to observation, followed by EXP2, and then EXP1 378 was the worst, during the whole haze episode. However, during the explosive growth stage, the relative 379 contributions of AF and DTD to the PM 2.5 peak values showed some differences to those at Beijing. The 380 contributions of DTD to PM 2.5 peaks were more important than those of AF at Xingtai. Located in the 381 eastern foothills of the Taihang Mountains, Xingtai is usually affected by downhill airflow. Temperature 382 inversions in this area form and strengthen easily, leading to stronger inversion, weaker turbulent diffusion, 383 and more stable atmospheric stratification. However, this kind of inversion and weak turbulent diffusion, 384 derived from the local terrain, is harder for PBL schemes in atmospheric chemistry models to describe, and 385 likely underestimated. 386 Beijing and Xingtai by 20% and 25%, respectively. The DC of EXP3 was as low as 4-6 m 2 /s during the 392 explosive growth stage, demonstrating the joint effects of AF and DTD reduced the DC to less than 4-6m 2 /s, near-zero, which we refer to as "turbulent intermittence". The direct result of this "turbulent 394
intermittence" was a further increase in the simulated surface PM 2.5 , based on EXP2. DTD reduced the 395 underestimation of simulated PM 2.5 by 14% to 20%, and the PM 2.5 errors in EXP3 were reduced to as low 396 as −11% to 2%. 397
Conclusions 398
Using an atmospheric chemistry model, GRAPES_CUACE, three experiments (EXP1, EXP2 and 399 EXP3) were designed to study the reason for the explosive growth of PM 2.5 mass during a "red-alert" heavy 400 The 50% difference between the two was considered insufficient to separate the unstable atmosphere on 407 clear days and the extreme stable atmosphere on severe haze days, compared with the differences in direct 408 downward solar radiation between clear and haze days, which was also proven indirectly by the weaker 409 inversion of EXP1 than that from sounding observations. This led to a 40%-51% underestimation of the 410 PM 2.5 peaks in EXP1 during the PM 2.5 explosive growth stage. Online calculation of AF reduced the surface 411 and PBL wind speed and cooled the surface and PBL atmosphere. The surface daytime cooling due to 412 aerosol radiation was 1.5-2.2 K during the explosive growth stage and 0.5-0.6 K during the climbing stage. 413
The cooling effect of aerosols decreased rapidly with height, and this was a major reason for the 414 strengthening of the temperature inversion during the explosive growth stage. The reduced DC owing to AF 415 reached 43%-57% during the PM 2.5 explosive growth stage. The local inversion simulated in EXP2 was 416 strengthened and closer to the actual sounding observation than that of EXP1. This resulted in a 20%-25% 417 reduction in the underestimation of PM 2.5 , with PM 2.5 errors in EXP2 being as low as −16 to −11% during 418 the explosive growth stage. The impact on PM 2.5 owing to AF in the model run was distinct during the 419 explosive growth stage, but minor during the climbing stage, indicating a critical value of 150 ug/m 3 of 420 simulated by EXP2 was still weaker than observed, and the PM 2.5 of EXP2 was still smaller than observed, 422 illustrating AF could not solve all the PM 2.5 underestimation problems. In EXP3, the DTD of particles and 423 gas based on EXP2 resulted in a 14%-20% lessening of the PM 2.5 underestimation based on EXP2, and the 424 PM 2.5 errors of EXP3 were reduced to −11% to 2%. 425
The present study illustrates that the PBL schemes in current atmospheric chemistry models are 426 probably insufficient for describing the extremely stable atmosphere resulting in explosive growth of PM 2. Hua, Y., Wang, S., Wang, J., Jiang, J., Zhang, T., Song, Y., Kang, L., Zhou, W., Cai, R., Wu, D., Fan, S., 531
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